We have previously shown that the antiepidermal growth factor receptor monoclonal antibody cetuximab (C225; Erbitux), which was recently approved for the treatment of metastatic colorectal cancer, has antiangiogenic properties, inhibiting vascular endothelial growth factor (VEGF) secretion in culture and in animal models. Here, we have furthered the study by demonstrating that cetuximab reduces cellular levels of hypoxia-inducible factor-1 alpha (HIF-1a), a transcriptional regulator of VEGF expression, in A431 epidermoid carcinoma cells under both normoxic and hypoxic culture conditions. Expression of a constitutively active Ras in A431 cells rendered cellular resistance to the cetuximab-mediated reduction of the HIF-1a level. Cell lines with naturally occurring phosphatase and tensin homologue deleted on chromosome 10 mutations or deletions were also resistant to cetuximab-mediated reduction of the HIF-1a level. Pharmacologic inhibition of phosphatidylinositol 3-kinase with LY294002 reduced the HIF-1a level in both normoxic and hypoxic A431 cells, whereas inhibition of the mitogen-activated protein kinase kinase by PD98059 reduced the level of HIF-1a only in normoxic A431 cells. In addition, cetuximab reduced the cellular level of HIF1a in the presence of a proteasome inhibitor, lactacystin, indicating that cetuximab acts mainly at the level of protein synthesis. The reduction of HIF-1a in response to cetuximab treatment was accompanied by transcriptional inhibition of VEGF expression, measured by a luciferase assay in A431 cells transfected with a vector containing the VEGF hypoxia response element. Taken together, our results indicate that the previously demonstrated inhibition of VEGF by cetuximab occurs at the level of transcription in response to a reduced level of HIF-1a and justify further testing of therapeutic strategies that combine cetuximab with approaches inhibiting the function of VEGF or the VEGF receptor.
Introduction
The epidermal growth factor (EGF) receptor is a 170-kDa transmembrane glycoprotein with intrinsic tyrosine kinase activity (Ullrich and Schlessinger, 1990 ) that is often highly expressed in a variety of human tumors of epithelial origin, including nonsmall-cell lung cancer and breast, head and neck, gastric, colorectal, esophageal, prostate, bladder, renal, pancreatic, and ovarian cancers (Fan and Mendelsohn, 1998; Mendelsohn and Baselga, 2000) . EGF receptor signaling causes increased proliferation, decreased apoptosis, enhanced tumor cell motility, and neoangiogenesis, as demonstrated by many laboratory and clinical studies performed over the past 20 years. Several therapeutic strategies to inhibit EGF receptor signaling have been devised, including the use of monoclonal antibodies, such as cetuximab (C225; Erbitux), which has recently been approved to treat irinotecan-refractory metastatic colorectal cancer (Cunningham et al., 2004) , and small molecule inhibitors, such as gefitinib (ZD1839; Iressa), which is now approved for the treatment of nonsmall-cell lung cancer after failure of both platinum-based and docetaxel chemotherapies (Cohen et al., 2004) . The mechanisms of the antitumor activities of these agents have been well explored, with a large body of experimental evidence revealing that cetuximab and the small molecule inhibitors prevent ligand-induced receptor activation and subsequently inhibit downstream signaling of the EGF receptor, resulting in cell cycle arrest, promotion of apoptosis, and inhibition of angiogenesis (Mendelsohn and Baselga, 2000) .
With regard to the antiangiogenesis activity, we and others have shown that treatment of human cancer cell lines in vitro (in normoxic culture) and in vivo with cetuximab or gefitinib reduces the production of vascular endothelial growth factor (VEGF), a key factor promoting tumor angiogenesis (Petit et al., 1997; Perrotte et al., 1999; Ciardiello et al., 2000; Milas et al., 2000; Shaheen et al., 2001a; Huang et al., 2002a, b; Karashima et al., 2002) . Together with the demonstrated antiproliferative and proapoptotic effects, this antiangiogenic activity of cetuximab and gefitinib is believed to contribute to their overall antitumor activity in vivo (Mendelsohn and Baselga, 2000) . Despite these advances, the mechanisms of the reduction of VEGF production by these treatments have not been clearly explored.
An important physiologic stimulus leading to increased levels of VEGF is hypoxia (i.e., insufficient oxygen supply to tissue). Hypoxia is very common in solid tumors and generally occurs at a distance greater than 100 mm from functional blood vessels (Folkman and Shing, 1992; Hanahan and Folkman, 1996; Helmlinger et al., 1997) . A hallmark of hypoxia is the dramatic increase in the cellular level of the transcriptional factor hypoxia-inducible factor-1 (HIF-1) (Semenza and Wang, 1992; Wang et al., 1995) , which plays a pivotal role in the cellular response to the stress of hypoxia and regulates more than 60 downstream target genes, including VEGF (Forsythe et al., 1996) . HIF-1 is composed of an expression-inducible a subunit and a constitutively expressed b subunit. Under hypoxic conditions, the level of HIF-1a increases as a result of decreased ubiquitination and degradation (Pugh et al., 1997; Huang et al., 1998) . The molecular basis for this regulation is the O 2 -dependent hydroxylation of proline residues in HIF-1a (residues 402 and 564) by the oxygen sensor enzymes (HIF-1 prolyl hydroxylases, PHD-1-3) that were recently discovered (Ivan et al., 2001; Jaakkola et al., 2001) . Prolyl hydroxylation of HIF-1a is required for its association with the von Hippel-Lindau tumor suppressor protein, which is the recognition partner of an E3 ubiquitination ligase in targeting HIF-1a for proteasomal degradation (Stebbins et al., 1999; Ohh et al., 2000) .
The nonhypoxic induction of HIF-1a was first demonstrated in 1997, when it was found that cells expressing the v-Src oncogene have increased expression of HIF-1, VEGF, and enolase 1 under both hypoxic and nonhypoxic conditions (Jiang et al., 1997) . Later, this nonhypoxic induction of HIF-1a was demonstrated in cells stimulated with many growth factors and cytokines including insulin and insulin-like growth factor-1 (IGF-1), IGF-2, EGF, platelet-derived growth factor, fibroblast growth factor-2, transforming growth factor-b, hepatocyte growth factor, tumor necrosis factor-a, interleukin-1b, angiotensin-2, and thrombin (Zelzer et al., 1998; Feldser et al., 1999; Hellwig-Burgel et al., 1999; Richard et al., 2000; Thornton et al., 2000; Zhong et al., 2000; Gorlach et al., 2001; Tacchini et al., 2001) . Activation of oncogenes other than v-Src, such as HER2 and Ras (Chen et al., 2001; Laughner et al., 2001) , or certain signaling intermediates, such as nitric oxides (Palmer et al., 2000; Sandau et al., 2000; Sheta et al., 2001) , and inactivation of tumor suppressor genes, such as phosphatase and tensin homologue deleted on chromosome 10 (PTEN) (Zundel et al., 2000) , have also been shown to upregulate the level of HIF-1a. This receptor-or oncogene-mediated HIF-1a regulation has now been found to occur via two well-known cell signaling pathways: the phosphatidylinositol 3-kinase (PI3-K)/Akt pathway and the mitogen-activated protein kinase (MAPK) kinase (MEK)/MAPK pathway that control protein synthesis and transactivation function of HIF-1a (Minet et al., 2000; Zhong et al., 2000; Blancher et al., 2001; Fukuda et al., 2002; Treins et al., 2002; Sang et al., 2003) .
In the current study, we found reduced levels of HIF1a after cetuximab treatment in A431 cells cultured in both normoxic and hypoxic conditions. To further elucidate the molecular mechanism, we examined the same activity of cetuximab in A431 cells that were engineered to be independent of EGF receptor signaling due to expression of a constitutively active Ras and in other cancer cells that contain naturally occurring lossof-function mutations or deletions of the PTEN gene. Cetuximab appears to act mainly by reducing the synthesis of the HIF-1a protein in both normoxic and hypoxic conditions. The reduction of the level of HIF-1a was accompanied by transcriptional inhibition of VEGF expression, as determined using a luciferase promoter reporter assay.
Results

Reduction of the cellular level of HIF-1a after cetuximab treatment
Previous reports showing that cetuximab inhibited VEGF production in various tumor cell lines did not examine the changes in the cellular level of HIF-1a, a key transcriptional regulator of VEGF, after treatment. Figure 1 shows the levels of HIF-1a after cetuximab treatment in A431 cells that were cultured in normoxic Figure 1a ). The presence of cetuximab in the culture medium markedly reduced both the baseline level of HIF-1a in normoxic A431 cells and the upregulated level of HIF-1a in hypoxic A431 cells (Figure 1a) . Deferoxamine (DFO), an iron-chelating agent, has been used experimentally to mimic the effects of hypoxia to increase cellular level of HIF-1a and HIF-1a transcriptional activity (Blancher et al., 2000; AlvarezTejado et al., 2001; Bacus et al., 2002 ). An advantage of using DFO in experimental studies is that, within a dose range, exposure of cells to DFO leads to a dosedependent increase of the HIF-1a level in normoxic conditions that may mimic the hypoxia caused by various levels of oxygen deficiency. Indeed, we found that exposure of cells to DFO resulted in marked and DFO dose-dependent increases in the levels of HIF-1a in A431 cells (Figure 1b) . Similar to the effect seen with the cells cultured in the hypoxia chamber, the presence of cetuximab in the culture medium reduced both the baseline level of HIF-1a (without DFO treatment) and the DFO-elevated level of HIF-1a in A431 cells ( Figure 1b) .
It has been reported that the PI3-K/Akt and MEK/ MAPK pathways regulate the level and function of HIF-1a in various types of cells (Richard et al., 1999; Minet et al., 2000; Zhong et al., 2000; Jiang et al., 2001 ). These two pathways are known to be regulated by EGF receptor tyrosine kinase in a variety of cell models. To explore the signal transduction pathway that leads to the reduced level of HIF-1a after cetuximab treatment, we first compared the levels of phosphorylated Akt and phosphorylated MAPK in normoxic and DFO-induced 'hypoxic' cells with or without cetuximab treatment. We found that the increase in the HIF-1a level after exposure of the cells to DFO was not accompanied by any increase in the phosphorylated level of Akt or MAPK in A431 cells, despite others having reported cell-type-specific increases in the levels of phosphorylated Akt and MAPK in their studies (Alvarez-Tejado et al., 2001; Beitner-Johnson et al., 2001) .
Similar to the findings with HIF-1a (Figure 1b) , the presence of cetuximab in the culture medium reduced the levels of both phosphorylated Akt and MAPK in A431 cells under normoxic (without DFO treatment) or 'hypoxic' (induced by 50 or 100 mM DFO) conditions ( Figure 2 ). As expected, the inhibition of Akt and MAPK phosphorylation after cetuximab treatment was not accompanied by changes in the total levels of Akt and MAPK.
Potential effect of oncogenic mutation of Ras in cetuximab-mediated reduction of HIF-1a
To further elucidate the signal transduction pathway involved in the cetuximab-mediated reduction of the HIF-1a level, we next sought to determine whether expression of a constitutively active Harvey Ras (Ras G12V), which allows cells to grow independent of upstream signaling including that of the EGF receptor, could abolish the ability of cetuximab to reduce the baseline level and DFO-elevated level of HIF-1a. Figure 3a (upper panel) shows the results of high expression of His-tagged RasG12V in stably transfected A431 cells (A431-Ras). There was no substantial difference in the baseline level of HIF-1a between the control-vector transfected (A431V) and RasG12V-transfected (A431-Ras) cells. However, compared with the results from A431V cells, in which cetuximab reduced both the baseline and DFO-elevated levels of HIF-1a, cetuximab failed to reduce the baseline and DFO-elevated levels of HIF-1a in A431-Ras cells (Figure 3a, lower panel) . This result indicates that oncogenic mutation of Ras conferred cellular resistance to cetuximab-mediated reduction of HIF-1a, although whether this resistance is mediated via the same pathway that is blocked by cetuximab or via a novel pathway remains to be determined.
We next used specific pharmacologic inhibitors to dissect the two key downstream pathways that are inhibited upon exposure of A431 cells to cetuximab (i.e., the PI3-K/Akt and MEK/MAPK signaling pathways) to determine the degree of their involvement in the regulation of HIF-1a levels. Figure 3b shows that LY294002, a specific inhibitor of PI3-K, and PD98059, a specific inhibitor of MEK, each markedly inhibited phosphorylation of their specific targets without affecting the phosphorylation of the other agent's target. The inhibition of the PI3-K/Akt pathway by LY294002 reduced the level of HIF-1a in A431 cells under both normoxic and DFO-induced 'hypoxic' conditions ( Figure 3b , bottom two panels), whereas the inhibition of the MEK/MAPK pathway by PD98059 at the given dose only moderately reduced the level of HIF-1a under normoxic conditions but had no such effect in DFOinduced 'hypoxic' conditions. Failure of cetuximab to reduce the HIF-1a level in PTEN-mutant cells
Because inhibition of the PI3-K/Akt pathway plays an important role in the cetuximab-induced reduction of HIF-1a levels, we examined whether cells with a constitutively active PI3-K/Akt pathway might therefore be resistant to that reduction. We performed experiments in two cell lines, the breast carcinoma cell line MDA468 and the prostate carcinoma cell line PC3, which contain loss-of-function mutations (MDA468 cells) or deletion (PC3 cells) of the PTEN gene, leading to constitutive activation of the PI3-K/Akt pathway in these cells (Vlietstra et al., 1998; Lu et al., 1999) . Figure 4 shows that, in contrast to the results seen in A431 cells, exposure of MDA468 and PC3 cells to cetuximab did not reduce the level of phosphorylated Akt under either normoxic or DFO-induced 'hypoxic' conditions, despite marked inhibition of MAPK phosphorylation in MDA468 cells and moderate inhibition of MAPK phosphorylation in PC3 cells after cetuximab treatment (Harper et al., 2002; Shimada et al., 2004) . As we predicted, treatment of MDA468 and PC3 cells with cetuximab failed to reduce the levels of HIF-1a under either normoxic or DFO-induced 'hypoxic' conditions ( Figure 4 , lower panels). These observations suggest that the PTEN mutation within these cells confers resistance to cetuximab-mediated inhibition of the PI3-K/Akt pathway and thereby contributes to the maintenance of a constitutive level of HIF-1a in these cells.
Reduced HIF-1a protein synthesis by cetuximab
We further examined whether the cetuximab-mediated reduction in HIF-1a was attributable to increased HIF1a proteasomal degradation or reduced HIF-1a protein synthesis. To answer this question, we performed an experiment to evaluate whether pharmacologic inhibition of the ubiquitin/proteasome degradation pathway with a proteasome inhibitor, lactacystin, would prevent the reduction of HIF-1a after cetuximab treatment. Figure 5 shows the results of a Western blot analysis for the level of HIF-1a in A431 cells that were cultured overnight with DFO followed by the addition of cetuximab with or without lactacystin for 8 h. As expected, the presence of cetuximab in the culture medium reduced the level of HIF-1a induced by DFO to approximately 50% of that in the culture without cetuximab (Figure 5a and b) . Cetuximab also reduced the DFO-induced increase in the level of HIF-1a in the presence of lactacystin in the culture medium. This indicates that cetuximab acts primarily by reducing HIF-1a protein synthesis; although the possibility that cetuximab increases HIF-1a proteasomal degradation cannot be completely ruled out. Of note, lactacystin also led to a higher level of HIF-1a in untreated cells (without cetuximab), an expected result because the inhibition of the proteasome would naturally lead to reduced degradation of HIF-1a in hypoxic cells.
Transcriptional inhibition of VEGF expression by cetuximab
To determine whether the reduction of the HIF-1a level after cetuximab treatment leads to functional inhibition of HIF-1a, we examined the transcriptional activity of HIF-1a in A431 cells that were transiently transfected with the luciferase reporter gene construct pBI-GL-V6L, which contains six tandem repeats of the hypoxia response element from the human VEGF gene (Post and Van Meir, 2001) . Compared with the results from normoxic cells with or without cetuximab treatment, a substantial increase in luciferase activity was observed in cells cultured in hypoxic conditions, either mimicked by exposure to DFO (a 24.5-fold increase) or induced environmentally in a 1% O 2 chamber (a 44-fold increase) (Figure 6 ). Cetuximab remarkably reduced the increase in luciferase activity induced by DFO (from A431 cells were exposed to 20 mM LY294002, 40 mM PD98059, or vehicle control for 16 h in serum-free medium without DFO or containing 100 mM DFO. Cell lysates were prepared and analysed for the levels of HIF-1a, total and phosphorylated Akt, and total and phosphorylated MAPK by Western blot analysis with appropriate antibodies. The level of b-actin was also measured as a protein-loading control a 24.5-fold to an 11.8-fold increase) or by 1% O 2 (from a 44-fold to an 18.4-fold increase). There was also a considerable reduction of luciferase activity for cells cultured in normoxic conditions after cetuximab treatment compared with untreated cells; however, it should be noted that the absolute value of the luciferase activity was low.
Discussion
This work expands on the findings of previous studies reported by us and others demonstrating that blockade or inhibition of the EGF receptor by monoclonal antibodies or small molecular inhibitors leads to reduced expression of VEGF and inhibition of angiogenesis (Petit et al., 1997; Perrotte et al., 1999; Ciardiello et al., 2000; Milas et al., 2000; Shaheen et al., 2001a; Huang et al., 2002a, b; Karashima et al., 2002) . It was shown earlier that VEGF is transcriptionally regulated by HIF-1 (Forsythe et al., 1996) . In the current study, we found that cetuximab reduces the level of HIF-1a, leading to transcriptional inhibition of VEGF expression. Inhibition of proteasomal degradation with lactacystin did not alter the rate of HIF-1a reduction cetuximab treatment, suggesting that cetuximab mainly acts by inhibiting protein synthesis. The level of HIF-1a reduction by cetuximab treatment was more apparent in cells cultured in hypoxic conditions than in the same cells cultured in normoxic conditions. This result was expected because HIF-1a has a much longer half-time under hypoxic conditions than under normoxic conditions and is thus more sensitive to inhibition of protein synthesis in hypoxia than in normoxia. In contrast, because the levels of HIF-1a in hypoxic cells resulted mainly from reduced degradation rather than increased expression, hypoxic cells would be less sensitive to the stimulation of HIF-1a synthesis by EGF. This may explain the findings of another group that, although EGF increased VEGF production in the supernatant of cells cultured in normoxic conditions, it had no effect when the same cells were grown in hypoxic conditions (Clarke et al., 2001) . Overall, our data support the concept that EGF receptor-mediated signaling is important in mediating HIF-1a and the corresponding VEGF levels in both normoxic and hypoxic conditions. The mechanism of reducing HIF-1a synthesis by cetuximab is most likely through inhibiting the PI3-K/ Akt pathway, which is consistent with findings from several laboratories demonstrating that cell signal transduction leading to activation the PI3-K/Akt pathway stimulates HIF-1a protein synthesis (Zhong et al., 2000; Blancher et al., 2001; Fukuda et al., 2002; Treins et al., 2002) . These previous studies reported that EGF induces HIF-1a expression by stimulating the PI3-K/ Akt signaling in prostate cells (Zhong et al., 2000) . In addition to EGF stimulation, activation of PI3-K/Akt signaling by other growth factors, such as heregulin, platelet-derived growth factor, or insulin, also increased HIF-1a expression, suggesting a common role for this pathway in mediating the regulation of HIF-1a by growth factors (Jiang et al., 2001; Laughner et al., 2001; Fukuda et al., 2002; Treins et al., 2002; Zhang et al., 2003) .
Previous studies have suggested that inhibition of MAPK alone may not alter the levels of HIF-1a (Laughner et al., 2001) , although MAPK may enhance HIF-1a transcriptional activity through phosphorylation of p300/CBP (CREB-binding protein), a coactivator of HIF-1a (Arany et al., 1996; Richard et al., 1999; Minet et al., 2000; Sang et al., 2003; Ruas et al., 2005) . In the current study, we found that, despite the fact that inhibition of MAPK by the MEK inhibitor PD98059 moderately reduced the level of HIF-1a in normoxic A431 cells, the reduction was less than that produced by the inhibition of PI3-K by LY294002, and no reduction of HIF-1a by PD98059 was observed in hypoxic cells, which are supposed to be more sensitive to approaches leading to inhibition of HIF-1a protein synthesis. However, because the inhibition of MAPK in A431 cells by the dose of PD98059 used in the current study was incomplete and because a higher dose of PD98059 led to nonspecific inhibition of other kinases including PI3-K (data not shown), the definitive role of the MAPK pathway remains to be determined. As an important downstream pathway of EGF receptor signaling, the MEK/MAPK pathway is often inhibited after cetuximab treatment in sensitive cell lines, shown by reduced levels of phosphorylated MAPK in our previous reports with other types of cells (Albanell et al., 2001; Liu et al., 2001; Liang et al., 2003) and in our current study with A431, PC3, and MDA468 cells. Because inhibition of the MEK/MAPK pathway and inhibition of the PI3-K/Akt pathway often coexist, it is generally difficult to separate the effect of MAPK inhibition from that of PI3-K/Akt inhibition on the level of HIF-1a after cetuximab treatment. However, the mutation of PTEN in MDA468 cells, which renders the PI3K/Akt pathway insensitive to cetuximab, allowed us to determine a definitive role of MEK/MAPK inhibition in the reduction of HIF-1a by cetuximab. Despite the importance of inhibiting the MEK/MAPK pathway in mediating the antiproliferative effect of cetuximab on cell growth, our findings that inhibition of this pathway was not accompanied by reduction of HIF-1a suggest that the pathway does not contribute to the antiangiogenic activity of cetuximab.
In the current study, we demonstrated that the activity of cetuximab to reduce the level of HIF-1a protein in A431 cells was abolished by expression of a constitutively active Ras. We also found that cells with naturally occurring loss-of-function PTEN mutations (MDA468 cells) or deletion (PC3 cells) were resistant to the cetuximab-mediated reduction of the level of HIF1a. This observation may provide further mechanistic explanation for the result of recent studies reporting that a loss of PTEN counteracted the antitumor action of EGF receptor tyrosine kinase inhibitor ZD1839 (Bianco et al., 2003; She et al., 2003) . It has been shown previously that experimental expression of wild-type PTEN in human prostate cancer cells or glioma cells reduced the level of HIF-1a or inhibited HIF-1a-mediated gene regulation (Zhong et al., 2000; Zundel et al., 2000) . Our findings may have clinical implications for patients who are treated with cetuximab. Despite the fact that recent clinical studies have demonstrated the antitumor activity of cetuximab or gefitinib in patients, particularly in a small percentage of patients whose tumors contain the activating mutations of the EGF receptor; the latter have been linked to much more favorable responses to gefitinib treatment (Lynch et al., 2004; Paez et al., 2004) . Still, large numbers of patients whose tumors express or even highly express the EGF receptors do not show favorable responses (Fukuoka et al., 2003; Kris et al., 2003; Cunningham et al., 2004; Giaccone et al., 2004; Herbst et al., 2004) . The lack of clinical responses to the EGF receptor-directed therapy may be caused by multiple intrinsic and extrinsic resistance mechanisms. Ras oncogenic mutation (gainof-function) or PTEN mutational inactivation (lossof-function) may contribute to these resistance mechanisms. Our data suggest that these types of resistance mechanism may be circumvented by supplementation of the anti-EGF receptor therapy with additional approaches targeting HIF-1a or VEGF, one of its major targeted genes. In deed, several recent studies have explored the combined use of anti-EGF receptor inhibitors with VEGF or VEGF receptor inhibitors (Shaheen et al., 2001b (Shaheen et al., , 2002 Jung et al., 2002) . We and others have shown that a combination of cetuximab and DC101, a monoclonal antibody to VEGFR2, resulted in less growth and more apoptosis in several human cancer cell lines than did either of the agents alone (Shaheen et al., 2001b (Shaheen et al., , 2002 Jung et al., 2002) . Another alternative strategy is to develop novel inhibitors that target the EGF receptor family and the VEGF receptor simultaneously. An example of this approach is AEE788, a potent inhibitor of both EGF and VEGF receptor tyrosine kinase family members, inhibiting the proliferation of EGF-and VEGF-stimulated human umbilical vein endothelial cells and cells of several tumor models (Traxler et al., 2004) . It should be noted that the inhibition of HIF-1a by cetuximab would contribute not only to the blockade of tumor angiogenesis but also to the transcriptional inhibition of more than 60 genes that are activated by HIF-1a and other potential gene products not yet found to be associated with HIF-1a regulation. Thus, it would be interesting to explore whether a combination of cetuximab and novel HIF-1a inhibitors may also lead to an exciting therapy for solid tumors, especially highly hypoxic solid tumors.
In conclusion, the results of our study expand our understanding of the antiangiogenic mechanisms of cetuximab to include its ability to inhibit HIF-1a expression via the PI3-K/Akt signaling pathway and to decrease HIF-1a protein synthesis. Evaluation of the therapeutic responses to the blockade of growth factormediated signaling in hypoxic tumors will provide greater insight into strategic planning and a better combined use of anticancer agents for more effective therapeutic intervention.
Materials and methods
Antibodies and reagents
The human-mouse chimeric anti-EGF receptor antibody cetuximab has been described previously (Fan and Mendelsohn, 1998; Mendelsohn and Baselga, 2003) and was provided by ImClone Systems Inc. (New York, NY, USA). Antibodies directed against total Akt, ser473-phosphorylated Akt, and phosphorylated MAPK p42/p44 were obtained from Cell Signaling Technology Inc. (Beverly, MA, USA). The anti-MAPK (Erk2) antibody was purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). The anti-HIF-1a antibodies used for Western blotting and immunoprecipitation studies were purchased from BD Transduction Laboratories (San Diego, CA, USA) and Affinity BioReagents (Golden, CO, USA), respectively. The anti-His G antibody was purchased from Upstate Biotechnology (Charlottesville, VA, USA). The MEK inhibitor PD98059 and the PI3-K inhibitor LY294002 were both purchased from CalBiochem Corp. (San Diego, CA, USA), and the proteasome inhibitor lactacystin was purchased from AG Scientific Inc. (San Diego, CA, USA). All other reagents were purchased from Sigma-Aldrich (St Louis, MO, USA).
Cells and cell culture
The epidermoid carcinoma cell line A431, the breast carcinoma cell line MDA468, and the prostate carcinoma cell line PC3 have all been previously described (Fan et al., 1993a, b; Karashima et al., 2002) . All the three cell lines were maintained in Dulbecco's-modified Eagle's medium containing 10% fetal bovine serum, 2 mM glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin. Cells were incubated in a humidified atmosphere of 95% air and 5% CO 2 at 371C (normoxic conditions). For hypoxic stimulation, cells were placed in an airtight chamber that was flushed with a gas mixture of 5% CO 2 and 95% N 2 . The oxygen concentration inside the chamber was maintained at 1% and maintained using the Pro-Ox O 2 regulator (Model 110; BioSpherix, Redfield, NY, USA). The hypoxic chamber was placed in the same 371C incubator where parallel groups of cells were incubated under normoxic culture conditions. Alternatively, cells were treated with DFO for 16-24 h to mimic hypoxic conditions. For stable expression of the constitutively active Harvey Ras (G12V), A431 cells were transfected with pcDNA3.1RasG12V or pcDNA3.1 backbone vector with the FuGENE-6 transfection kit (Roche Diagnostics Corp., Indianapolis, IN, USA) and selected with G418 as previously described (Jin et al., 2003) . The expression of Ras G12V was measured by Western blot analysis with anti-His G-tag antibodies in selected pooled cells.
Western blot analysis
Cells were lysed in a lysis buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 0.5% NP-40, 50 mM NaF, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, 25 mg/ml leupeptin, and 25 mg/ml aprotinin and clarified by centrifugation (14 000 g for 20 min at 41C). Equal amounts of protein lysate, as determined by the Pierce Coomassie Plus colorimetric protein assay method (Pierce, Rockford, IL, USA), were separated by SDS-polyacrylamide gel electrophoresis, blotted onto nitrocellulose and probed with the indicated primary antibodies. The signals were visualized using the Enhanced chemiluminescence detection kit (Amersham Biosciences, Piscataway, NJ, USA).
Transient transfection and luciferase assay
The pBI-GL-V6L construct, which contains six copies of the VEGF hypoxia response element, has been previously described (Post and Van Meir, 2001 ). A431 cells were transiently transfected with the pBI-GL-V6L construct using the FuGENE-6 transfection kit. After a 24-h transfection period, the cells were washed twice with phosphate-buffered saline and cultured with or without DFO (100 mM) or in the hypoxic chamber for an additional 16 h in serum-free medium in the presence or absence of 20 nM cetuximab. The cells were then harvested and lysed in a lysis buffer (0.2 M Tris-HCl (pH 8.0) and 0.1% Triton X-100). The luciferase assay was performed by adding luciferase substrate solution (0.5 mM D-luciferin, 0.25 mM coenzyme A, 20 mM Tris HCl, 4 mM MgSO 4 , 0.1 mM EDTA, 30 mM DTT, and 0.5 mM ATP) to the samples and immediately measuring for luciferase activity using a multiplate luminometer (Berthold Detection Systems, Oak Ridge, TN, USA). Arbitrary luciferase activity units were normalized to the amount of protein in each sample. The protein concentration was determined using the Pierce BCA protein assay kit.
